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Early  age of  onset  alcohol  drinking  is signiﬁcantly  more  likely  to lead  to  alcohol  use  disorders
(AUDs) than  alcohol  drinking  that  begins  after  the  age  of 18.  Unfortunately,  the  majority
of  people  in  the  United  States  begin  drinking  in  adolescence.  Therefore,  it is important  to
understand  how  early  alcohol  drinking  leads  to increased  risk  for AUDs  so  that better  treat-
ments  and  prevention  strategies  can  be developed.  Adolescents  perceive  greater  rewarding
properties  of  alcohol,  and  adolescents  may  be  more  likely  to  form  alcohol-seeking  habits
that promote  continued  use  throughout  the  lifetime.  Therefore,  we  compared  the  develop-
ment  of alcohol  seeking  habits  in adolescent  and  adult  male,  Sprague-Dawley  rats.  Rats were
trained  to  lever  press  to receive  10%  ethanol  +  0.1% saccharin  on a schedule  that  promotes
habit  formation.  Rats  were  tested  using  a contingency  degradation  procedure  at different
points in training.  Adult rats  formed  ethanol-seeking  habits  with  only  moderate  training,
while  adolescents  remained  goal-directed  even  with  extended  training.  Nevertheless,  ado-
lescents  consumed  more  ethanol  than  adults  throughout  the experiment  and  continued  to
consume  more  ethanol  than  adults  when  they  reached  adulthood.  Therefore,  early  onset
alcohol  use  may  promote  AUD  formation  through  establishment  of  high  levels  of drinking
that  becomes  habitual  in adulthood.
©  2014  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under the  CC
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. Introduction
Early age of onset of alcohol use is one of the best
redictors of future development of an alcohol use disor-
er (AUD). Individuals who begin drinking before the age
f 15 have signiﬁcantly increased odds of developing an
UD than individuals who begin drinking after the age of
9 (Grant and Dawson, 1997; Grant et al., 2006; Bratek
t al., 2013; Hingson and Zha, 2009). Adolescents consume
ore alcohol, and perceive the positive effects of alcohol as
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ore positive and the negative effects as less negative than
dults (Anderson et al., 2010; Spear, 2000, 2014; Silveri and
pear, 1998). However, this does not necessarily explain
hy  early age of use is more likely to correlate with AUDs
ater in life. Indeed, alcohol use could simply decline once
eople reach adulthood. One possible explanation is that
lcohol use initiated at a younger age is more likely to
ecome a habitual behavior that is insensitive to changes
n alcohol’s rewarding or aversive properties. Alternatively,
arly alcohol use may  result in changes to brain structure
nd function such that alcohol maintains greater rewarding
roperties in adulthood.
In order to begin to test these possibilities, we soughto determine whether there are differences in the propen-
ity of adolescents and adults to form ethanol-seeking
abits. A stimulus–response habit is deﬁned as an action or
ehavior that is insensitive to changes in the value of the
ss article under the CC BY-NC-ND license (http://creativecommons.org/
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outcome produced by that action. Such actions also persist
even when the contingency between the action and the
outcome is changed (i.e., when the response no longer pro-
duce the outcome) (Yin and Knowlton, 2006; Balleine and
O’Doherty, 2010). Current theories about the persistence of
substance use disorders postulate that abnormal habit for-
mation may  explain why drug use persists even when the
drug is no longer rewarding or its use results in adverse
consequences (O’Tousa and Grahame, 2014; Belin et al.,
2013; Everitt and Robbins, 2005). Adolescent substance use
is known to be risk factor for the development substance
use disorders; however, it is unclear if this increased risk
is due to an increased propensity to form habits. Indeed,
prior studies examining the vulnerability of adolescents to
develop habitual or inﬂexible behaviors relative to adults
have had mixed results. For example, in one study, ado-
lescent rats demonstrated more habit-like behavior than
adults when the contingency between the action and out-
come was degraded, but did not appear habitual when
tested using an outcome devaluation procedure (Naneix
et al., 2012). In addition, Simon et al. (2013), found that ado-
lescent rats exhibited more ﬂexible behavior in a Pavlovian
conditioning task relative to adults. Therefore, it is not clear
if adolescents would be more or less likely than adults to
form ethanol-seeking habits.
Furthermore, prior studies only examined habit for-
mation for food reinforcers, but responding for ethanol
becomes habitual more rapidly than responding for food
(Dickinson et al., 2002; Corbit et al., 2012). Thus, ado-
lescents may  form ethanol-seeking habits at a different
rate than food seeking habit. Indeed, previous research
has demonstrated that food habits form more quickly
in females than in males, but that the opposite is true
for ethanol habit formation (Quinn et al., 2007; Barker
et al., 2010). Therefore, in the present study we compared
the rate of habit formation for an ethanol reinforcer in
adolescent and adult rats using the contingency degra-
dation paradigm. We  also compared later adult ethanol
self-administration in rats with adolescent vs. adult onset
ethanol exposure.
2. Materials and methods
2.1. Subjects
Male Sprague-Dawley rats (Harlan, Frederick, MD)  were
delivered to the animal facility aged either 22 or 64 days.
Rats were allowed to acclimate to the facility for 6 days
before behavioral testing began on postnatal day (PND) 28,
which is generally recognized as the beginning of early ado-
lescence (Spear, 2000; Spear and Swartzwelder, 2014) or 70
(adulthood). Rats were housed two per cage for the entire
experiment. Rats were maintained on a 12:12 h light–dark
cycle in a temperature- and humidity-controlled envi-
ronment. The rats were given ad libitum access to food
and water except for periods of food restriction described
below. All procedures conformed to the policies set forth
by the University of Pittsburgh Institutional Animal Care
and Use Committee and the National Institutes of Health
Guidelines on the Care and Use of Laboratory Animals.nitive Neuroscience 16 (2015) 183–190
2.2. Behavioral testing
The experimental timeline and age of rats at each stage
of testing are shown in Fig. 1A. Rats were food restricted
beginning 3 days before behavioral testing. Rats were given
sufﬁcient daily food rations to maintain approximately
90% of their expected free-feeding body weight based on
standard growth curves. Thus, adolescent rats were given
sufﬁcient food to grow and gain weight, but at a slower rate
than rats fed ad libitum. The feeding procedure is based on
published methods and produced no obvious detrimental
effects to the animals and likely is similar to food intake
that would be observed in the wild. Food restriction facili-
tates instrumental learning and ensured that all behavioral
training and testing could occur within the age window
of adolescence. In all phases of the experiment, rats were
given or responded for a 10% v/v ethanol + 0.1% w/v sac-
charin solution made up in tap water. We used a slightly
sweetened ethanol solution to best model initial ethanol
drinking patterns in humans. Fig. 1 illustrates the timeline
of behavioral testing and the details of each phase of testing
are described below.
2.3. Ethanol habituation
On the day before operant training began rats were
habituated to the ethanol solution to avoid neophobia (i.e.,
fear of novelty) and facilitate acquisition of lever pressing
behavior. Rats were placed in a novel cage containing one
piece of standard chow for 15 min. The rats were allowed
to become accustomed to the novel cage and eat the food
pellet so that they would be more likely to be thirsty and
sample the liquid solution. A bottle containing the ethanol
solution was then placed on a wire top on each cage and the
rats were allowed 30 min  to sample the solution. The bot-
tles were weighed before and after each session to verify
that each rat consumed some of the solution.
2.4. Magazine training
All testing was conducted in standard operant chambers
(MedAssociates, St. Albans, VT) and behavioral programs
were controlled by MedPC software. All boxes contain a liq-
uid dipper for delivery of liquid reinforcers. Two retractable
levers were located on either side of a magazine (i.e., a
receptacle) where reinforcers were delivered. The boxes
were also equipped with a house light, stimulus lights
above the levers, tone generators, and fans that allowed
ventilation and produced background noise.
Rats underwent a single 30-min session of magazine
training where the ethanol reinforcer was  presented on a
ﬁxed-time 30-s schedule, which included the 10 s of access
to the liquid dipper. The rats, therefore, had access to 60
reinforcers, and magazine entries were recorded to verify
that rats learned to obtain reinforcers in the magazine.
2.5. Self-administrationRats were trained to self-administer the oral ethanol
solution in daily 30 min sessions. At the beginning of each
session 2 levers were inserted into the chamber, one was
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Fig. 1. Acquisition of instrumental responding. (A) Experimental timeline indicating the timeline of training and testing and the age of both subgroups
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af  adult adolescent rats that acquired self-administration at different rat
ast  5 FR1 training days for all rats and the ﬁrst 2 days of RI30 training. (
igniﬁcantly more ethanol than adults (N = 8) on the last 2 days of FR1 tr
p  < 0.05, ***p < 0.001.
esignated the “active” lever and the other the “inactive”
ever for each rat. Assignment of the left or right lever as
he active lever was balanced across groups. The rats were
nitially trained to respond on a ﬁxed ratio 1 (FR1) schedule
f reinforcement where a single lever press on the active
ever resulted in 10-s access to a dipper full of the ethanol
olution (0.05 mL), but no other stimuli. At the end of the
0-s access period the dipper was lowered out of the mag-
zine. Lever presses during the 10-s access period were
ecorded but produced no consequences. Presses on the
nactive lever were recorded but produced no programmed
onsequences. The troughs containing the ethanol solution
ere weighed before and after each session and maga-
ine entries recorded to ensure that the rats drank the
olution and to calculate g/kg ethanol intake. We  did not
easure blood ethanol concentrations, as we  did not want
he stress of blood draws to affect the rate of habit forma-
ion (Dias-Ferreira et al., 2009; Gourley et al., 2012). Rats
elf-administered the ethanol solution for at least 5 days on
he FR1 schedule until they acquired at least 10 reinforcers
n two consecutive sessions.
After acquisition of responding on an FR1, rats were
witched to a random interval 30 s (RI30) schedule of
einforcement. Interval schedules rapidly generate instru-
ental habits (Hay et al., 2013; Nevin et al., 2001) allowing
or habit formation and testing during adolescence. On an
I30 schedule, the ﬁrst lever press after a random inter-
al elapses that averages 30 s in duration, but can range
rom 1 s to 60 s. The computer program randomly gener-
ted the intervals. In this manner, rats cannot predict when
heir behavioral action will generate the outcome, and
2
tctive lever presses during ethanol + saccharin self-administration on the
nol consumption across training in g/kg. Adolescents (N = 10) consumed
ata are presented as the mean ± the standard error of the mean (SEM),
esponding is more likely to become independent of the
ction-outcome contingency. Rats received 2 RI30 training
essions before initial contingency degradation testing and
ere returned to the RI30 schedule for subsequent training.
.6. Contingency degradation testing
After the last day of instrumental training, rats were
iven 2–4 days of contingency degradation training
epending on the phase of the experiment. During this
ession both levers were available but responses on the
evers did not generate reinforcer delivery or any other
rogrammed consequences. Ethanol reinforcers were pre-
ented freely (non-contingently) at a rate that matched
ach rat’s average rate of reinforcement on the previous
ay of training. The reinforcer was  given on the ﬁxed time
chedule regardless of responding on the lever. In this
anner the contingency between the action (responding
n the lever) and the outcome (ethanol solution access)
as  degraded, and rats behaving in a goal-directed, action-
utcome based manner reduce responding on the lever,
hile animals that have formed a habit continue to respond
Yin and Knowlton, 2006; Barker et al., 2013). Rats received
 cycles of RI30 training and contingency degradation test-
ng to assess the timing of habit formation across training
nd between groups..7. Extinction test
The day following the last contingency degradation
raining day, rats were given a 10 min  extinction test
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to further assess whether animals could use knowledge
about changes in the action-outcome contingency to guide
behavior (Yin and Knowlton, 2006; Gourley et al., 2012).
In this test, both levers were extended and responses
recorded, but lever presses produced no programmed con-
sequences. No reinforcement was given during this test.
2.8. Reacquisition
After the extinction test all rats were housed in their
home cage and received no behavioral training or ethanol
and were given ad libitum access to food, until the ado-
lescent group aged to adulthood (PND70). Rats were then
tested on an FR1 schedule as before to determine levels
of ethanol solution self-administration after adolescent-
onset or adult-onset drinking. Testing on the FR1 schedule
allowed for the rats to earn a substantial amount of rein-
forcers in the session without being limited by the time
restrictions imposed by an interval schedule.
2.9. Statistical analysis
Self-administration training data were analyzed using a
repeated measures two-way ANOVA. Day of training was
the within-subjects factor and amount of ethanol con-
sumed in g/kg or active lever presses was  the between
subjects factor. Responses on contingency degradation test
days were also compared using a Two-way rm ANOVA
comparing active lever responses on the last RI30 training
day to responses made during the contingency degradation
tests. The extinction test was analyzed by normalizing each
animal’s response rate on its last day of contingency degra-
dation training and on the extinction test day to its rate
of responding on the most recent RI30 training day and
comparing groups by Two-way repeated measures (rm)
ANOVA. All signiﬁcant interactions were followed by Bon-
ferroni’s posthoc test. Alpha was set to 0.05.
3. Results
Groups of 12 adolescents and 12 adults began train-
ing. 5 adolescents and 4 adults acquired self-administration
within 5 days, while an additional 5 adolescents and 4
adults acquired after 5 additional days of FR1 training. The
smaller groups were each analyzed separately as the age
range differed slightly for testing, but we observed the
same results in both subgroups, so the data were combined
and all analyses represent results from a group of 10 adoles-
cents and 8 adults. The ages of the 2 subgroups at each stage
of testing are shown in Fig. 1A. Six of the rats (2 adolescents
and 4 adults) never acquired self-administration to our
criteria (earning at least 10 reinforcers on FR1) and were
not analyzed further. The number of rats failing to acquire is
within the range often observed in rat self-administration
studies in our laboratory.
3.1. Self-administration trainingBoth adolescent and adult rats acquired self-
administration over days. Analysis of active lever presses
during the last 5 days of FR1 training and the ﬁrst twonitive Neuroscience 16 (2015) 183–190
RI30 training days demonstrated a signiﬁcant effect of
day as the number of responses increased across training
and, as expected, with the switch to an interval schedule
of reinforcement [F(6,96) = 6.99, p < 0.001]. There was no
signiﬁcant interaction between age and day of training
[F(6,96) = 1.461, p = 0.19] (Fig. 1B). On the other hand, anal-
ysis of gram per kilogram ethanol intake indicated main
effects of day [F(6,96) = 7.79, p < 0.001] and age [F(1,16) = 8.71,
p = 0.009], and their interaction [F(6,96) = 3.85, p = 0.002].
Overall, adolescents consumed more ethanol than adults
and posthoc analysis indicated signiﬁcant differences on
the last 2 days of FR1 training (Fig. 1C). The nature of
the RI30 schedule limits the amount of reinforcers rats
can receive in a session, though lever-pressing behavior
increases.
3.2. Contingency degradation tests
After 2 days of training on the RI30 schedule, consid-
ered an early time point, rats had their ﬁrst contingency
degradation tests over 2 days. We  expected rats to behave
in a goal-directed manner at this point in training unless
they formed habits exceptionally fast. Indeed, as expected
we observed a main effect of day [F(2,32) = 18.95, p < 0.001],
a non-signiﬁcant effect of age [F(2,32) = 4.24, p = 0.056], and
no signiﬁcant interaction [F(2,32) = 1.80, p = 0.18], indicating
that both adolescent and adult rats signiﬁcantly reduced
responding after contingency degradation relative to their
level of responding on the last training day, indicating goal-
directed, non-habitual behavior (Fig. 2A).
Rats were then returned to RI30 training for 2 addi-
tional days, reaching a moderate level of training where
we expect more vulnerable groups to have formed habits.
Rats again underwent contingency degradation, and inter-
estingly, we observed signiﬁcant main effects of day
[F(2,32) = 8.32, p = 0.001] and age [F(1,16) = 7.37, p = 0.015],
and an interaction between day and age [F(2,32) = 7.31,
p = 0.002]. Posthoc analysis indicated that while adolescent
rats did show a signiﬁcant reduction in responding on both
contingency degradation days relative to their last RI30
training day, the adult rats showed no signiﬁcant reduction
in responding after degradation of the contingency, which
is indicative of a behavior that has become a habit (Fig. 2B).
However, while the adolescents remained goal-directed,
they did respond signiﬁcantly more for the ethanol solution
on the last RI30 training day.
Next, we  set out to test whether or not adolescents
would form a habit if they had extended training with
an additional 2 days of RI30 training when we  typically
observe habit formation in normal adults responding for
food. We  also conducted more days of degradation train-
ing to see if the adults would eventually reduce responding,
and to test them in extinction. As was observed after mod-
erate training, we found signiﬁcant main effects of day
[F(4,64) = 28.89, p < 0.001] and age [F(1,16) = 7.40, p = 0.015],
and their interaction [F(4,64) = 5.31, p < 0.001]. Posthoc anal-
ysis indicated that the adolescent rats reduced responding
on all days of degradation training relative to their last
RI30 training day. On the other hand, the adults did not
signiﬁcantly reduce responding on degradations days 1 or
2, but did signiﬁcantly reduce responding on days 3 and 4
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Fig. 2. Contingency degradation testing. (A) Early in instrumental training both adolescent and adult rats demonstrated signiﬁcant reductions in active
lever  presses on two daily contingency degradation tests, indicating goal-directed behavior. ***p < 0.001 main effect of degradation in both groups. (B) After
moderate training the adolescent rats continued to demonstrate goal-directed behavior on contingency degradation tests, and also consumed signiﬁcantly
more ethanol on the last non-degraded session relative to the adults. The adults, however, did not reduce responding on contingency degradation tests
relative  to the last non-degraded session, indicating the formation of habitual behavior. *p < 0.05 comparing degraded to non-degraded responding, #p < 0.05
comparing adolescent to adult responding in the non-degraded session. (C) After extended training, the adolescents again remained goal-directed on
contingency degradation tests, while adults did not signiﬁcantly reduce responding from baseline until day 3 of degradation of training. The adolescents
did  continue to reduce responding across days. By the last day of degradation training both adolescents and adults reached less than 50% of baseline
responding. ***p < 0.001 indicating a signiﬁcant decrease in responding on degradation days relative to baseline in the adolescents, ##p < 0.01, #p < 0.05
indicating signiﬁcant decrease in responding on degradation days relative to baseline in adults. (D) In an extinction test following the last degradation
training day, the adolescents did not signiﬁcantly increase responding relative to the last day of degradation training, while the adults increased responding
back  to baseline levels, providing further evidence that the adults formed a habitual ethanol seeking behavior. *p < 0.05 comparing adult behavior on the
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f degradation training (Fig. 2C). Thus, the adults contin-
ed to show habitual behavior that did adjust with enough
raining, while the adolescents, reduced responding on day
 and continued to signiﬁcantly reduce responding on sub-
equent days of degradation training, indicating that the
ehavior of the adolescents remained ﬂexible, and goal-
irected. Again, adolescents responded signiﬁcantly more
or the ethanol solution on the RI30 training day.
The day after the last degradation training day, when
oth the adolescents and adults were responding at about
0–50% of their RI30 baseline, we tested the rats in
xtinction to see if the groups would express contingency
egradation learning or if behavior would return to base-
ine rates of responding as generally occurs in animals that
ave formed a habit. Indeed, when we compared normal-
zed rates of responding on the last degradation training
ay to the extinction test day we found main effects of day
F(1,16) = 5.72, p = 0.029] and age [F(1,16) = 4.88, p = 0.042],
nd their interaction [F(1,16) = 4.80, p = 0.044]. Posthoc anal-
sis indicated that adolescent rats responded at the same
ate on the last day of degradation training and on the
xtinction test day, indicating retention of ﬂexible behav-
or. On the other hand, the adults signiﬁcantly increased
t
p
i
astandard error of the mean (SEM).
heir rate of responding during the extinction test, almost
o 100% of their RI30 baseline, further indicating that the
dults had formed an ethanol seeking habit (Fig. 2D).
.3. Adult self-administration
Next, we were interested in whether animals that
egan ethanol self-administration in adolescence would
ontinue to show higher levels of self-administration if
ested in adulthood relative to rats that began ethanol
elf-administration in adulthood. We  simply allowed all
ats to remain in their home cages until the adolescents
eached PND70. We  then tested levels of responding on
wo  days of ethanol self-administration on an FR1 sched-
le, which allows for more reinforcers to be obtained than
n an interval schedule. Analysis of active lever presses on
he reacquisition days indicated no signiﬁcant effect of age
f onset of drinking (Fig. 3A). However, there was signiﬁ-
ant main effect of age of drinking onset when we  analyzed
he amount of ethanol consumed in g/kg [F(1,16) = 9.71,
 = 0.007], indicating that the adolescent-onset drinkers did
ndeed self-administer higher quantities of ethanol than
dult-onset drinkers.
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ol reinf
ps that 
o adultsFig. 3. Adult ethanol self-administration. (A) Active lever presses for ethan
group to age to adulthood (PND70). (B) Ethanol intake in the two  grou
Adolescent consumed signiﬁcantly greater amounts of ethanol relative t
error  of the mean (SEM).
4. Discussion
The present study compared ethanol habit formation in
adolescent versus adult male rats using a random interval
training paradigm that allowed for habit development and
testing within the adolescent period. The results indicated
that early in training both adolescents and adults exhibited
goal-directed (non-habitual) ethanol seeking in a contin-
gency degradation test. On the other hand, at a moderate
level of random interval training, adult rats did not reduce
responding when the contingency was degraded, suggest-
ing that the adults had formed ethanol-seeking habits,
while the adolescents remained goal-directed. Interest-
ingly, even after extended training, the adolescent rats
remained goal-directed and reduced their responding upon
contingency degradation. In contrast, the adult animals
continued to demonstrate habitual behavior. The adult
group also failed to express contingency degradation learn-
ing in an extinction test in contrast to the adolescents,
further indicating that only adults formed habits in this
experiment. Therefore, the present data indicates that ado-
lescents are more resistant to forming ethanol-seeking
habits than adults.
Despite the fact that adults formed ethanol-seeking
habits more readily than adolescents, adolescents consis-
tently consumed higher doses of ethanol than adults.
Moreover, when the rats that began ethanol self-
administration in adolescence were abstained from
ethanol until they reached adulthood (PND70), and were
reassessed on their levels of ethanol self-administration,
the adolescent onset drinkers consumed signiﬁcantly more
ethanol than the adult onset drinkers. Therefore, adoles-
cents do demonstrate a greater propensity to respond for
ethanol reinforcement than adults, as has been reported
previously (Helms et al., 2014; Vetter et al., 2007; Doremus
et al., 2005), and this ethanol seeking and consumption
appears to be goal-directed rather than habitual. However,
it is possible that the increased adult intake was  due to
adolescent exposure to a sweetened ethanol solution,
which has been shown to promote acceptance of that solu-
tion in adulthood (Broadwater et al., 2013). Nevertheless,
in the present experiment both adolescent and adult onset
groups had prior exposure to the solution, suggesting
that acceptance levels should have been similar, and thatorcement after sufﬁcient abstinence from ethanol to allow the adolescent
had initiated ethanol self-administration in adolescence vs. adulthood.
 on both days, **p < 0.01. Data are presented as the mean + the standard
the increased self-administration in the adolescent onset
group is at least partially due to greater motivation for the
solution. Indeed, other studies have found that injections
of ethanol in early adolescence increased ethanol drinking
and operant self-administration in adulthood (Alaux-
Cantin et al., 2013), and that monkeys that begin drinking
in adolescence go on to consume more ethanol in adult-
hood (Helms et al., 2014). However, it should be noted that
one study has found that adolescent home cage, unlimited
access to ethanol in a two-bottle choice paradigm does
not signiﬁcantly increase later adult drinking (Vetter et al.,
2007). The difference between the Vetter et al., study
and the other studies could be the difference in limited
versus unlimited access paradigms, which results in a large
difference in the total amount of ethanol consumed, or to
other adaptations induced by different access conditions.
Nevertheless, our results suggest that adolescent onset
ethanol exposure results in neural plasticity or phar-
macological adaptations that either maintains enhanced
motivation for ethanol, reduces the aversive qualities of
ethanol, or alters the pharmacokinetic properties of alcohol
in adulthood. Regardless of the mechanism, in this scenario,
individuals that begin drinking ethanol in early adoles-
cence are predicted to consume more ethanol in adulthood,
and this high level of consumption could then become
problematic due to habit formation. Early onset drinking
may also make the formation of habits in adulthood more
likely, as adolescent ethanol exposure can promote inﬂex-
ible behavior in adulthood (Gass et al., 2014).
The results of the present study should be interpreted
with caution as there are several potential limitations. One
possible explanation for our observed effects is that the
adults responded at such lower levels than the adolescents,
that it is harder to detect a reduction in responding after
contingency degradation (i.e., a ﬂoor effect). While this is
theoretically possible, we  do not believe that it explains our
ﬁndings, as in the ﬁnal contingency degradation test, the
adults did eventually signiﬁcantly reduce their responses
relative to their baseline, indicating that reductions can
be observed. Furthermore, despite eventually demonstrat-
ing a reduction in behavior after contingency degradation
training, adults still failed to express this learning in the
extinction test, providing fairly convincing evidence that
the adults were habitual, while the adolescents remained
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oal-directed. Another potential limitation is that the
ats underwent repeated contingency degradation testing
etween bouts of training. While, this design did not impair
ur ability to detect the development of habitual behavior
n the adults, it may  have disproportionately affected the
dolescents, impairing our ability to detect habit formation
n that age group. Thus, if adolescents received continu-
us training for six days, habitual behavior may  have been
bserved. We  believe that this is a distinct possibility, but
hat the present data, nevertheless, point to a resistance of
dolescents to form habits with limited training, and possi-
ly a better ability to retain information about shifts in con-
ingency, which is consistent with an interpretation that
dolescents maintain more ﬂexible behavioral strategies
han adults (Simon et al., 2013; Sturman and Moghaddam,
012). Finally, both adolescents and adults were shipped
o our facility about a week before testing began. While we
ttempt to reduce shipment stress by using a vendor within
 short driving distance from our facility and allowing the
nimals to acclimate for a week before handling, the poten-
ial differential response of pre-pubertal adolescents and
dults to stressful stimuli could have impacted how ship-
ent stress inﬂuenced habit formation (McCormick and
athews, 2010). Due to the fact that stress facilitates habit
ormation in adults (Dias-Ferreira et al., 2009; Gourley
t al., 2012), it will be interesting in future studies to deter-
ine how stress inﬂuences habit formation in adolescents.
The resistance of adolescent rats to habit formation even
fter extended training was surprising. Indeed, ethanol
xposure can promote habit formation (Corbit et al., 2012)
nd alter dorsal lateral striatum plasticity in adults (Depoy
t al., 2014), so it is unclear why the same effects would
ot occur in adolescence. However, the brain undergoes
any developmental changes during adolescence includ-
ng in the dorsal striatum and prefrontal cortical dopamine
ystems, which are known to regulate the development
f habitual behavior (Naneix et al., 2012; Balleine and
’Doherty, 2010; Barker et al., 2013; Hitchcott et al., 2007).
n addition, dorsal striatal presynaptic dopamine availabil-
ty is reduced in adolescents relative to adults (Matthews
t al., 2013), and dorsal striatal neural response patterns
uring a rewarded instrumental learning task are signif-
cantly different from adult response patterns (Sturman
nd Moghaddam, 2012). Furthermore, in a Pavlovian
utoshaping task, adolescents exhibit more goal-oriented
ehavior, than cue-oriented behavior, potentially suggest-
ng a propensity to be goal-directed (Anderson et al., 2013).
Finally, human imaging studies consistently report
ltered functional activity and connectivity in corticos-
riatal brain regions in adolescence(Geier et al., 2010;
aulsen et al., 2014; Somerville et al., 2011; Casey and
ones, 2010). These studies often report that adolescents
ave impaired cognitive control and enhanced responses
o reward; however, most studies have not speciﬁcally
ompared adolescent and adult measures of behavioral
exibility. Nevertheless, increased neural responses to
eward could explain both why adolescents consume more
lcohol (and other substances) and maintain goal-directed
ehavior. It could be that adolescents are highly engaged
y rewards, or goals, such that they are highly attuned
o changes in reward contingency and value. In addition,
U
onitive Neuroscience 16 (2015) 183–190 189
he adolescent brain may  be “wired” to maintain, ﬂexible,
oal-directed behavior for other reasons, including an evo-
utionary advantage to individuals that ﬂexibly optimize
heir behavioral repertoire to their environment during
dolescence.
Our results are in contrast to those reported by Naneix
t al. (2012), where higher levels of responding during con-
ingency degradation were observed in adolescents. The
ifference in our results could be due to differences in the
nstrumental training procedures; however, in the previ-
us study the authors did show that adolescents reduced
esponding relative to baseline on the ﬁrst contingency
egradation day by around 50%, but that they maintained
his level of responding rather than continuing to decrease
esponding over subsequent days of contingency degrada-
ion training. Thus, it appears that the adolescents were
oal-directed and recognized a change in contingency, but
t is unclear why  they did not continue to reduce respon-
ing over subsequent days of degradation training.
Nevertheless, evidence from other published studies
Simon et al., 2013) and the results presented here, col-
ectively suggest that adolescents behave more ﬂexibly
nd are less likely to form habits than adults. In addition,
ur results raise the intriguing possibility that the adoles-
ent brain is resistant to the habit promoting effects of
thanol exposure. However, while we  did not observe any
acilitation of habit formation with exposure to ethanol in
he adolescents, the doses consumed may  not have been
ufﬁcient to do so. It is possible that exposure to higher
oses of ethanol or the development of ethanol depend-
nce may  have been able to promote ethanol-seeking
abits in adolescents. Future experiments could exam-
ne these possibilities; however, the present data suggest
hat adolescent onset drinking can promote dependence in
dulthood due to the establishment of high levels of alcohol
onsumption.
. Conclusions
In conclusion, we report that adolescents maintain goal-
irected ethanol seeking behavior even with extended
raining, while adults form ethanol-seeking habits with
nly moderate training. Nevertheless, adolescents con-
ume signiﬁcantly greater amounts of ethanol and this
ersists when they are tested again in adulthood. Thus,
dolescent behavior may  be more ﬂexible than adults, but
dolescents are also more driven by alcohol reward, which
ould lead to the development of dangerous habits when
hey reach adulthood.
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